We assess the relative importance of migration rate, size and number of subpopulations on the genetic load of subdivided populations. Using diffusion approximations, we show that in most cases subdivision has detrimental effects on fitness. Moreover, our results suggest that fitness increases with subpopulation size, so that for the same total population size, genetic load is relatively lower when there are a small number of large subpopulations. Using elasticity analysis, we show that the size of the subpopulations appears to be the parameter that most strongly determines genetic load. Interconnecting subpopulations via migration would also be of importance for population fitness when subpopulations are small and gene flow is low. Interestingly, the number of subpopulations has minor influence on genetic load except for the case of both very slightly deleterious mutations and small subpopulations. Elasticities decrease as the magnitude of deleterious effects increases. In other words, population structure does not matter for very deleterious alleles, but strongly affects fitness for slightly deleterious alleles.
Introduction
Population subdivision affects both the evolution and the persistence of populations. For instance, subdivision has been shown to have an important effect on the probability of fixation of beneficial and deleterious alleles (Whitlock, 2003) , the evolution of mating systems (Ronfort and Couvet, 1995) or the probability of population extinction (Saccheri et al, 1998; Higgins and Lynch, 2001) . One of the reasons of this influence is that subdivision changes the way in which the different evolutionary processes (selection, genetic drift, migration) act on allele frequency, compared to a continuous population. As a result, the population's genetic load (ie the decline in fitness due to accumulation of deleterious alleles) can be strongly determined by population structure (Glémin et al, 2003) .
Subdivision can vary in several ways, including the size and the number of the subpopulations and the rate of migration between subpopulations. Changes in these parameters can significantly modify the balance between drift and selection within subpopulations and, thus, genetic load: (i) for slightly deleterious and partially recessive alleles, subpopulation size determines both the response to selection and the strength of genetic drift; larger subpopulations should be associated with lower frequencies of deleterious alleles, (ii) migration between subpopulations restores genetic variability within subpopulations and, therefore, enhances selection, and (iii) the number of subpopulations influences population genetic variance; increasing the number of subpopulations should result in a higher genetic differentiation between subpopulations and, thus, to a higher potential for fitness to be restored by migration. It is also interesting to note that subdivision can have variable effects according to the characteristics of deleterious mutations. For instance, genetic variance within subpopulations could decrease for nearly additive alleles but it can increase for highly recessive alleles (Whitlock, 2002) .
Although several theoretical studies examine genetic load in subdivided populations (Couvet, 2002; Whitlock, 2002; Glémin et al, 2003; Roze and Rousset, 2004 to cite only some of the most recent), the issue of the relative importance of the parameters that determine population structure on genetic load has not been explicitly addressed.
The goal of this study is, therefore, to investigate how genetic load in a population depends on the particular form that subdivision takes. Using diffusion approximations, we explore a finite island model (a population consisting of a finite number of identical subpopulations that exchange migrants at random). We examine the relative impact of the parameters that determine population structure in our model (the migration rate, the size and the number of subpopulations) on genetic load. This is carried out by means of elasticity analysis, that is, the proportional change in genetic load resulting from a proportional change in each of the parameters. This approach is widely used in population dynamics studies in order to assess the impact of demographic factors, such as mortality or reproductive rate of different age or stage classes, on the growth rate of the population (eg Caswell, 1989; Johnson and Braun, 1999) . However, to our knowledge, it is the first time that this approach has been applied to population geneticsrelated issues.
This analysis allows us to gain insight on how changes in the population structure affect the process of mutation accumulation. Furthermore, our results have implications for the conservation of fragmented populations since they allow us to assess the efficiency of different conservation practices according to population structure (see Soulé and Orians, 2002) . Our analysis helps to identify whether the enhancement of migration between subpopulations, the reinforcement of subpopulation size, or the establishment of new subpopulations is the most efficient way to decrease the genetic load of a given population, and, hence, to increase its viability. Our analysis allows us also to refine previous rules of thumbs focusing only on the connectivity between subpopulations, such as that of 'one migrant per population per generation' (OMPG, Mace and Lande, 1991; Mills and Allendorf, 1996) .
Methods

Basic assumptions
We considered a population of total size N tot that is subdivided into n identical subpopulations of size N each (N tot ¼ nN); all the subpopulations exchange migrants at random at rate m. In the literature, this population structure is referred to as the finite island model.
We developed a single locus, two alleles model with A being the wild-type allele and a an unconditionally deleterious mutant. Mutation occurs from A to a with a rate u per locus and per generation. Note that in diploid organisms, u ¼ U/2L, where U is the mutation rate of the entire genome and L is the number of loci in the genome. We assumed that reverse mutations occur at a negligible rate. The relative fitness of the genotypes AA, Aa, aa is 1, 1Àhs, 1Às respectively, where h measures the degree of dominance of the deleterious allele and s the magnitude of the deleterious effect in homozygotes.
Diffusion approximations
To study the pattern of genetic load according to population structure, we used diffusion approximations. This method was first developed by Kimura (1969, 1971) . Although the aim of their paper was to study linkage disequilibrium between two loci, Ohta and Kimura gave a general method for deriving the moments of two or more variables describing gene frequency distributions.
Following the analysis of Kimura (1969, 1971) , let j(x 1 , y, x n ) be the density function of the stationary distribution of the n independent variables x 1 , y, x n .
Consider a function f(x 1 , y, x n ) and let Effðx 1 ; :::; x n Þg ¼ R 1 0 fðx 1 ; . . . ; x n Þjðx 1 ; . . . ; x n Þdx 1 . . . dx n be its expectation with respect to the distribution j(x 1 , y, x n ). Ohta and Kimura (1969) showed that for the function f(x 1 , y, x n ) the following diffusion equation holds:
At equilibrium, dEffg=dt ¼ 0 in the above equation. In our case, x i is the frequency of the deleterious allele in subpopulation i; M dx i corresponds to the mean change in allele frequency within subpopulation i per generation; V dx i is the variance in allele frequency within subpopulation i due to random sampling of gametes, and C dx i dx j is the covariance of the change in allele frequency due to random sampling in subpopulations i and j.
In the case of the finite island model, the terms M dx i , (1) can be expressed as follows:
That is, we made the assumption that the change in allele frequency, x i , is due to the additive action of mutation ðM
Þ.
In other words, we neglected interaction terms between these pressures. This assumption will hold as long as changes in allele frequency between two generations are small.
Hence, the mean change in allele frequency is approximately given by the equation:
Further, the variance, V dx i , is given by the equation:
And the covariance of the change in frequencies in two different subpopulations due to random sampling is
Note that Glémin et al (2003) used the same method to examine the pattern of genetic load for the finite island model. However, they assumed that the change in allele frequency due to selection is linear ðM sel dx i % Àhsx i Þ. As the authors pointed out, this approximation holds only when local drift is weak relative to selection, that is, for mutations that are strongly deleterious and not highly recessive and large subpopulations (Nhs45; Glémin et al, 2003) .
In order, therefore, to examine the case of slightly deleterious alleles and/or small subpopulations, we dropped the assumption of linear change in gene frequency. However, this leads to an infinite system of equations. To close the system, we assumed that the larger moments may be neglected. As it will be shown later (see 'Validity of diffusion approximations' in the Results), one has to include up to the third moment of gene frequencies in order to accurately describe the process of the accumulation of slightly deleterious mutations.
We need therefore to calculate the expected value of 
In order to obtain the expected values of these parameters, we introduce different functions f into Equation (1) until a 6 Â 6 system is built.
(1) f ¼ x i . Equation (1) implies:
After simplifications due to the symmetry of the model (ie m=ðn À 1ÞEf P n j¼1;j6 ¼i x j g ¼ mEfxg we take:
In order to set the initial conditions of the above system of differential equations, we assumed that subpopulations are founded by individuals descended from an infinite population, that is
where q eq is given by the equation sð1 À 2hÞq 2 eq þ shð1 þ uÞq eq À u ¼ 0 (Crow and Kimura, 1970) . This is an assumption frequently made in previous studies (eg Wang et al, 1999; Theodorou and Couvet, 2004) . In any case, we found that changing the initial conditions had no significant effect on the patterns observed.
A numerical solution of the above system was obtained using the program Mathematica. However, an analytical solution of the moments of allele frequency can be obtained for the equilibrium state (where all the left-hand parts of the equations equal to zero). The explicit expressions, however, are formidable and not given.
Fitness over many loci
In order to extend this model to the entire genome, we considered that loci act multiplicatively and independently. The expected mean fitness over loci within a subpopulation can then be calculated as (Whitlock et al, 2000) :
where
}] is the expected number of heterozygous loci at equilibrium within a subpopulation and n hom ¼ LE{x 2 } is the expected number of homozygous loci (L is the number of loci in the diploid genome).
Multilocus simulations
In order to check the validity of our results, we performed extensive multilocus simulations. This permits us to (i) decide the order of gene frequency moments required to accurately describe the accumulation of slightly deleterious alleles, and (ii) assess the influence of linkage disequilibrium, which is thought to be important in small and subdivided populations, on the accuracy of our results.
In each generation, the order of operations in the life cycle of each population was mutation, random mating, selection, and finally migration. The number of new mutations arising in an individual at any generation was assumed to follow a uniform distribution with mean U ¼ 2Lu (we assume that backward mutations are negligible), and the loci where mutations occurred were chosen at random. The number of loci was set to L ¼ 2560. The production of an offspring within each subpopulation was simulated as follows. Two parents, chosen at random, produce an offspring. The selective (4). The selective value of the offspring was compared to a random number from the uniform distribution between 0 and 1. The offspring was retained if its selective value was higher than this number. When an offspring was rejected, two parents were again chosen at random, which meant that an individual could produce offspring with several mates. This process was repeated until N offspring produced (equal to the size of the subpopulations).
At the end of each generation, zygote migration occurred at a constant rate m. To decide if an individual migrated, we compared m to a random number drawn from the uniform distribution between 0 and 1. If m was greater than the random number then the individual migrated otherwise it remained in the native subpopulation.
For each parameter set, we ran 50 simulations, and we computed the average fitness between generations 4000 and 5000 (a sufficient number of generations to reach equilibrium).
Elasticity analysis
In order to investigate the relative importance of the parameters that determine population structure (n, m, N) on the genetic load of the population, we calculated the elasticity of the mean fitness with respect to each of these parameters.
In demographic analysis, elasticity is defined as the proportional change in the population growth rate resulting from a proportional change in the coefficients of population growth (such as age or stage-dependent survival and fecundity). As Caswell pointed out (1989, pp. 118-119) , together with the calculation of the asymptotic population growth rate, an important part of a demographic analysis is the investigation of how the growth rate would vary in response to changes in the vital rates, that is, identifying the vital rates whose change will most affect population dynamics. In order to examine the elasticity of genetic load with regard to population structure, we applied this approach and simply substituting the growth rate with mean fitness and the demographic factors with the parameters of population structure.
Consequently, elasticity analysis permits us to find the proportional change in genetic load resulting from a proportional change in the values of the parameters under study. We used elasticity, rather than sensitivity, because the parameters under study are measured and managed on different scales (Caswell, 1989) ; a given change in the migration rate, m, and the subpopulation size, N, for instance, represents a much greater proportional change in the former than in the latter parameter. The elasticities are calculated according to Caswell (1989, p 132) :
where e(m), e(n), e(N) are the elasticities of mean fitness with respect to the migration rate, the number and the size of the subpopulations, respectively. At disequilibrium, the system of equation 1(a)-(e) was solved numerically (and not analytically) and therefore the above equations cannot be used directly to calculate elasticities. An approximation was therefore used according to which
The values of mutation parameters The issue of the value of the mutation parameters in most organisms is yet unresolved. Most available results come from experiments conducted on Drosophila species. Several of these experiments suggest that the majority of mutations are slightly deleterious (s ¼ 0.01-0.03) with mutation rates per diploid genome of U ¼ 1 and a mean dominance coefficient of h ¼ 0.2À0.4 (see review in Lynch et al, 1999) . However, the validity of these estimates has been recently questioned; new experimental studies on Drosophila melanogaster and other organisms suggest that mutation rates are much lower, U ¼ 0.01-0.02, and the average effect in fitness higher than previously thought, s ¼ 0.1-0.2 (Bataillon, 2000; Caballero et al, 2002) . Other studies report intermediate mutation rates of UE0.1 (Fry, 2001; Fry and Heinsohn, 2002) while Rodríguez-Ramilo et al (2004) found evidence for both sets of mutation parameters (slightly deleterious -high mutation rate and mildly deleterious -low mutation rate).
Most of our analysis considers the mutation set U ¼ 1, s ¼ 0.02 and h ¼ 0.3, since the majority of arguments is in favor of such values (Lynch et al, 1999) . However, the dependence of our results on the choice of the mutations parameters was also checked.
Results
Validity of diffusion approximations
In order to test the validity of diffusion approximations, we proceeded as follows:
First, we compared our results obtained by diffusion approximations with those generated by the transition matrix approach, since the latter method has been used and tested repeatedly (see for instance Ewens, 1979; Lynch et al, 1995; Schoen et al, 1998; Couvet, 2002; Theodorou and Couvet, 2002) . We checked the robustness of our approximations with regard to mutational (h, s) and demographic parameters (N, m) for an infinite array of subpopulations. The reader can refer to Couvet (2002) for a complete presentation of the transition matrix approach in the case of the infinite island model.
Our results show that diffusion approximations are in very good agreement with the transition matrix approach (Table 1 ). The agreement is remarkable when slightly deleterious and not highly recessive mutations are considered (eg s ¼ 0.02, h ¼ 0.4), which is most convenient since our study focuses exactly on this type of mutation. However, for low migration (mr0.01) and for highly recessive and moderately deleterious alleles The inclusion of the third moments of allele frequency in the diffusion equations improves significantly the precision of our approximations in the case of slightly deleterious and highly recessive alleles (hs low). In all the other cases, similar results are yielded irrespective of whether one includes the second or the third moments of allele frequency.
Second, we performed stochastic multilocus simulations in order to check the influence of the number of subpopulations (n) and the effects of linkage disequilibrium on the precision of diffusion approximations. The results of these simulations show that our approximations describe very accurately (o5% deviation from the results of the simulations) the accumulation of slightly deleterious alleles as long as the total population is N tot \200, (eg n\10 when N ¼ 20 or n\4 when N ¼ 50) ( Table 2 ).
In the case of small populations (N tot ¼ 200-600 individuals), the inclusion of the third moments of allele frequency improves considerably the agreement between diffusion approximations and simulations for the majority of subpopulation sizes and migration rates checked. This is particularly so for small subpopulations (N ¼ 20) and/or low migration rates (mt0.025).
Finally, in the case of disequilibrium the agreement between diffusion approximations and multilocus simulations is excellent for all population structures and values of the mutation parameters used in this study (o5% deviation for the first 100 generations after subdivision, results not shown).
In conclusion, our approximations seem to yield consistent results for a large range of population structures and properties of deleterious alleles (h, s). Moreover, the extension of the approximations of Glémin et al (2003) in order to include higher moments of allele frequency proved to be necessary when one wishes to describe the accumulation of slightly deleterious alleles in small populations.
The effects of subdivision on fitness We compared fitness under different population structures with that of a single undivided population of the same total size, both in the short and in the long term (Figure 1a and b) .
For deleterious mutations of intermediate levels of dominance (h ¼ 0.3), subdivision has negative effects on fitness. Furthermore, a population consisting of a few large subpopulations is associated with higher fitness relative to a population of many small subpopulations. The relative advantage of having large subpopulations decreases for strongly connected subpopulations and highly recessive mutations. Moreover, for low levels of dominance of deleterious alleles (h ¼ 0.1), a subdivided population show higher fitness than a single one as long as migration is high (mC0.05).
Note that the above conclusions remain the same whether we examine the first 50 generations or equilibrium (compare Figure 1a and b) . Furthermore, for large and strongly interconnected subpopulations, the agreement between the short and the long term is even quantitative suggesting that, in these cases, equilibrium is attained in a small number of generations.
It must be, however, underlined that for highly recessive alleles (h ¼ 0.1) fitness is significantly lower after 50 generations of subdivision than at equilibrium. Table 1 The fitness of the subdivided population, relative to the fitness of an effectively infinite population, calculated by means of the transition matrix approach (matrix) and diffusion approximations when the first two or three orders of gene frequency are included in the calculations (referred to O(x Error designates the % deviation of the results of diffusion approximations from those of the transition matrix approach. The genome mutation rate is set to U ¼ 1; m denotes the rate of migration between subpopulations.
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This is because, with subdivision, homozygosity increases and the previously masked deleterious alleles are now exposed to selection. During purging, fitness is low and it rebounds only after a considerable number of generations; for m ¼ 0.025, it can take a 100 generations for fitness to recover to levels close to equilibrium (results not shown). A transient genetic load due to highly recessive alleles was also observed by Kirkpatrick and Jarne (2000) for bottlenecked populations.
Relative influence of migration rate, the size and the number of subpopulations on genetic load Figures 2a and b show that there is a clear hierarchy in the influence of the parameters of population structure on genetic load. For a given population structure, a proportional change in the subpopulation size, N, would cause the highest proportional change in fitness. Subpopulation-size elasticity, e(N) maximizes when both migration rate and subpopulation size are small. In weakly interconnected subpopulations the frequency of deleterious mutations is mainly determined by the balance between selection and drift; increasing the size of the subpopulations increases the efficiency of selection while decreasing the strength of drift. This explains the significant decrease of subpopulation-size elasticity for large subpopulations, for example, e(N) ¼ 0.760 and 0.278 for N ¼ 20 and 50, respectively (m ¼ 0.01, n ¼ 10).
Changes in the migration rate would have an important effect on genetic load (ie e(m) is large) when subpopulation sizes are small. However, the dependence of genetic load on migration rate decreases considerably when migration rate is already enhanced and/or subpopulations are large; large subpopulations can efficiently purge deleterious alleles even for low migration rates. In any case, the elasticity with respect to migration rate, e(m), is always lower than subpopulation-size elasticity, e(N).
Finally, our results concerning subpopulation-number elasticity, e(n), suggest that for most population structures, the number of subpopulations appears to be a parameter of minor importance in terms of population fitness; fitness would be independent of the number of interconnected subpopulations apart from the case of small subpopulation sizes and enhanced migration (Figure 2a) .
The elasticity analysis concerning the first 50 generations after subdivision, leads to the same conclusions about the relative influence of the migration rate and the size of subpopulations. Although, we observed lower values of elasticity relative to equilibrium when both migration and subpopulation sizes are low, elasticities remain quite large. To give an example in terms of fitness, when N is divided by a factor of two, the rate of decrease in fitness will be between 5 and 15% per generation (as elasticity varies between 0.1 and 0.3; see Figure 2b ).
Dependence of the results on the choice of mutation parameters Although in the section 'Values of mutation parameters' we argued that the set of mutation parameters used so far would be the more plausible, it is of interest to investigate the robustness of our results for other values of the mutation parameters.
Selection coefficient determines strongly the magnitude of elasticity of genetic load with regard to the parameters of population structure (N, m, n).
For nearly neutral to slightly deleterious alleles, elasticities are large suggesting that changes in popula- Error designates the % deviation of the results of diffusion approximations from those of the simulations. The selection coefficient is set to s ¼ 0.02, the dominance coefficient to h ¼ 0.3 and the genome mutation rate to U ¼ 1. N tot denotes the total population size (N tot ¼ nN) and m denotes the rate of migration between subpopulations.
Genetic load in subdivided populations K Theodorou and D Couvet tion structure would have a strong influence on genetic load (Figure 3 ). Even the elasticity with regard to the number of subpopulations takes high values (e(n) ¼ 0.325 when s ¼ 0.005 and N ¼ 50). This means that, for very slightly deleterious alleles, variation in the number of subpopulations would influence genetic fitness. In contrast, genetic load due to more detrimental mutations (s40.1) depends only slightly on population structure. Selection acts efficiently against these alleles, which segregate in low frequencies for most population structures.
Changes in population structure would have a more important effect on genetic load for nearly additive than for highly recessive alleles (Figure 3) . Moreover, the slightly negative elasticities obtained for highly recessive and mildly deleterious mutations (h ¼ 0.1, s\0.1) suggest that, in this case, increasing the size or the number of subpopulations and/or the migration rate could have negative effects on genetic fitness.
Most importantly, the order of elasticities does not change with the value of the mutation parameters. In other words, the parameter that determines primarily the fitness of the subdivided population remains subpopulation size, whatever the values of h and s are.
Rules of thumbs under the finite island model
A crucial issue for the conservation of subdivided populations is to find which combination of the parameters of population structure minimizes genetic load.
We addressed this question by calculating the minimum values of the number of migrants, the size and the number of subpopulations for which the reduction in fitness of the subdivided population is less than 5% relative to the fitness of an infinitely large population at mutation-selection equilibrium. This 5% threshold is somewhat arbitrary and it should depend on the vital rates of the studied species. However, in populations of Figure 1 The fitness of the subdivided population versus the subpopulation size for different numbers of migrants. Fitness of the subdivided population is scaled by the fitness of a single population of the same total size with the subdivided one. The total population size is set to N tot ¼ 1000. The values of the mutation parameters are set to s ¼ 0.02, U ¼ 1. Results are shown for two dominance coefficients (a) h ¼ 0.3 and (b) h ¼ 0.1.
Figure 2
Elasticity of fitness with regard to subpopulation size, e(N), migration rate, e(m), and the number of subpopulations, e(n) (a) at equilibrium and (b) 50 generations after subdivision has started. To calculate elasticity at disequilibrium, the proportional increment in the parameters of population structure is set to 50% (see 'Methods' for details). The number of subpopulations is set to n ¼ 10. The selection coefficient is set to s ¼ 0.02, the dominance coefficient is set to h ¼ 0.3 and the genome mutation rate to U ¼ 1.
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endangered species, which frequently exhibit low growth rates, a change of 5% in viability could substantially alter their probability of extinction (Johnson and Braun, 1999) .
Results are shown for the number of migrants, Nm, rather for the migration rate, m, for three reasons: (i) the level of inbreeding within populations and the genetic differentiation between subpopulations would be determined by the product Nm rather than by m alone (see, for instance, Cockerham and Weir, 1987) (ii) the number of migrants is measurable in real populations via the parameter F ST , and (iii) previous rules of thumb with regard to the viability of fragmented populations were expressed in terms of number of migrants (Mills and Allendorf, 1996; Couvet, 2002) .
It is important to notice that the minimum number of migrants that ensures low genetic load depends strongly on the size of subpopulations and vice versa (Figure 4) .
For example, large subpopulations (N\100) are necessary to retain population fitness when the number of migrants is low to moderate (Nmt2), while fitness is high even for small subpopulations (a few dozens of individuals) when migration is enhanced.
For large subpopulations and moderate migration, the number of subpopulations has not any effect on the threshold values of N and Nm. However, when migration is enhanced, the number of interconnected subpopulations decreases, although moderately, the threshold subpopulation size. For example, when Nm ¼ 5, the threshold subpopulation size is N ¼ 78 and 20 for subpopulation numbers n ¼ 10 and 100, respectively.
Discussion
The goal of this study was to investigate how population structure determines the degree of mutation accumulation and, consequently, the fitness of a subdivided population. In order to explore this issue, we modified the model of Glémin et al (2003) . This allowed us to account for cases where genetic drift plays an important role in shaping the frequency of deleterious alleles, that is, slightly deleterious alleles and small subpopulation sizes.
We conducted an elasticity analysis in order to identify how changes in the parameters of population structure (ie the migration rate, the number and the size of subpopulations), affect the fitness of subdivided populations. Elasticity analysis is widely used in the field of population dynamics, in order to assess the relative importance of changes in demographic factors on population growth rate (see for instance Caswell, 1989; Silvertown et al, 1996; Beissinger and Westphal, 1998) .
Elasticity analysis can be of great interest for the genetic management of subdivided populations as it can be used to assess the effectiveness of different management options, through a quantification of the expected outcome. Frankham et al (2002) laid out the range of options, which are are to: (i) increase subpopulation size by enhancing the area and/or the quality of local habitats, (ii) increase migration rate between subpopulations, and (iii) increase the number of interconnected subpopulations by re-establishing extinct populations and creating new habitat corridors.
Few large or many small populations? Our analysis shows that subdivision has, in most cases, detrimental effects on fitness. The negative genetic consequences of subdivision were also pointed out by Higgins and Lynch (2001) , who studied the interaction of genetic, demographic and environmental factors on the persistence of subdivided populations.
Conversely, Whitlock (2002) argued that, in the case of highly recessive alleles, subdivision could result to an increase in fitness relative to a single population. Our results concerning equilibrium support this view. However, it must be underlined that, fitness can decrease significantly during purging (Figure 1b) . Hence, the Genetic load in subdivided populations K Theodorou and D Couvet conclusion about the positive effects of subdivision on fitness must be moderated, since population persistence can be seriously impaired in the first generations after subdivision.
Moreover, our results point out that to overcome the detrimental effects of subdivision on fitness, large subpopulations must be preserved. This is also true for highly recessive alleles, especially at disequilibrium.
Overall, a general rule can be derived: for the same total population size, a small number of large subpopulations would be associated with higher fitness, compared to numerous but small subpopulations.
Our approach makes a number of simplifying assumptions, for example, it does not account for fluctuations in local and total population size due to demographic and environmental stochasticity. The inclusion of demographic stochasticity should reinforce our conclusions since in larger subpopulations the influence of this source of extinction would be minimized. Moreover, although the importance of the number of subpopulations on persistence increases with the magnitude of environmental fluctuations, the critical number of subpopulations should remain rather low (eg n ¼ 5-10; Bascompte et al, 2002) . However, a complete analysis of the joint influence of genetic, demographic and environmental factors on the optimal population structure is still pending.
Relative influence of the parameters of population structure Elasticity analysis revealed that subpopulation size is the most influential parameter in terms of fitness. This is particularly so for the population structures with the more detrimental effects on fitness, that is, small and weakly interconnected subpopulations.
Moreover, we expect the conclusion, that changes in subpopulation size affect more fitness than changes in migration rates, to be particularly robust. The reason is that our model considers that exchanges between subpopulations happen at random. However, in most cases, dispersal is limited and migration should be more probable between neighbouring subpopulations. It has been shown that if migration happens between neighbouring subpopulations, the positive effects of migration on genetic load are less important than under the island model (Higgins and Lynch, 2001) . Therefore, our model would rather overestimate the positive effects of migration in real conditions.
In most cases studied here, changing the number of subpopulations has a rather minor effect on genetic load: subpopulation-number elasticity, e(n), takes low values (e(n)-0) for most population structures. This is most convenient on conservation grounds since it suggests that interconnecting a small number of subpopulations would suffice to restore the greater part of genetic fitness. Furthermore, this result has an important methodological consequence: with regard to the accumulation of deleterious alleles, the assumption of an infinite array of subpopulations is a good approximation even for populations of small total size.
Caution must be paid, however, to the exceptions of this statement: the number of subpopulations can have a significant effect on genetic load for small subpopulations and very slightly deleterious mutations. In such a case, an increase in the number of interconnected subpopulations could lower genetic load since it maintains the genetic variability of an otherwise highly inbred set of subpopulations. Obviously, in order for the number of subpopulations to have an effect on fitness, gene flow between subpopulations should not be strongly restricted.
The case of disequilibrium The relative influence of the parameters of population structure remains the same whether we examined the first generations after subdivision or equilibrium. The conclusions about the relative effectiveness of the different conservation options are, therefore, valid regardless of the number of generations that the population experiences subdivision.
Moreover, one can notice that changes in subpopulation size and migration rate can have important impacts on the rate of fitness decline in the short term, as witnessed by the rather high values of elasticities.
However, for small and weakly interconnected subpopulations elasticities are significantly smaller in the first generations than at equilibrium. For such population structures, the frequency of deleterious alleles and, consequently, the reduction in fitness, is more important in later generations (compare, for instance, fitness in the first 50 generations with that at equilibrium for N ¼ 20 and m ¼ 0.01 in Figure 1a) . The same proportional increase in the subpopulation size, migration rate or the number of subpopulations (although the influence of the latter is minor) has a higher potential for heterosis and therefore results to a higher proportional recovery of fitness in later generations than in the first generations after subdivision.
Reappraisal of previous rules of thumb in conservation
The issue of minimum values of population size or migration rates that would ensure the persistence of fragmented populations has motivated several theoretical and experimental studies. In particular, the optimal level of connectivity between subpopulations has become a central issue in conservation and a rule of thumb of one migrant per generation per subpopulation has been evoked and tested repeatedly (Mace and Lande, 1991; Mills and Allendorf, 1996; Bryant et al, 1999; Newman and Tallmon, 2001 ). However, this rule was determined without any reference to the value of the other parameters of population structure. The question is, therefore, what conclusions can we draw if the three parameters are considered together?
Our results show a large inter-dependence between population size and migration rate (Figure 4) . For low subpopulation sizes (Nt50), more than two migrants per generations are needed to ensure high fitness, while low migration rates are sufficient (less than one migrant per generation) for large subpopulations.
It must be also noticed that the benefits from migration do not depend only on the number of migrants; the pattern of migration (eg symmetry in the exchange of migrants between subpopulations or isolation by distance) could be equally if not important in terms of fitness (Higgins and Lynch, 2001; Bouchy et al, 2005) .
Thus, any rule of thumb with regard to connectivity or estimations of minimum viable populations could lead to Genetic load in subdivided populations K Theodorou and D Couvet erroneous conclusions as long as they ignore the configuration of the subdivided population.
